We report magnetic, dielectric, magnetodielectric and magnetocaloric responses of La2CoMnO6 (LCMO) and Sr doped La2−xSrxCoMnO6 (x = 0.5 and 1.0) induced by antisite disorder. Using first principles DFT calculations we find that antisite disorder is enhanced with Sr-doping at La-sites. Co ions, which appeared in 2+ high spin state in LCMO, were found to take up a mixed valence state on Sr-doping, with one of the Co (Co 3+ ) being in an intermediate spin state and the other in 2+ high spin state. The dielectric constant of Sr doped LCMO was found to increase whereas the magnetodielectric coupling was found suppressed due to increase of antisite disorder. The magnetic field-dependent magnetodielectric effect clearly shows M 2 behaviour for all the samples in the field range 0 to ±6 T in their respective ferroic phases. All the samples show spin glass like ordering in the ground state. We also report the magnetic entropy change in magnetoelectric materials La2−xSrxCoMnO6 (x = 0, 1.0) samples. The change in magnetic entropy ∆Sm comes mainly from the combined effect of FM/AFM interaction and magnetodielectric effect in La2−xSrxCoMnO6 (x = 0, 1.0). The observed high value of magnetocaloric effect (1.2 J/kg-K) for x=1.0 is likely to originate from the antisite disordered phases near Curie temperature.
I. INTRODUCTION
Multifunctional materials are in the forefront of research due to their intriguing properties which make them useful for a variety of device applications. For example, magnetoelectric multiferroic materials, such as SeCoO 3 , TbMnO 3 , CdCr 2 S 4 , EuO and CuO 1-3 , exhibiting strong coupling between magnetism and ferroelectricity have spawned a great research interest due to their potential applications in multifunctional devices including sensors 4 , memories 5, 6 , magnetic recording readers 7 , transformers and energy harvesting devices 8 . However, the applicability of these materials in real life devices is restricted if the Curie temperature is well below room temperature. In this context double perovskite oxides bring in a lot of promise. Of special interest to us is La 2 CoMnO 6 (LCMO), which is a ferromagnetic insulator and has been extensively studied both in its bulk and thin film forms. Although the nature of the precise valence, spin and magnetic state of Co and Mn was a matter of confusion initially, this was resolved using X-ray absorption spectroscopy (XAS) 9 and X-ray absorption near edge spectroscopy (XANES) 10 , which confirmed that in the ordered state, Co and Mn are in high spin with 2+ and 4+ state, respectively. On the other hand in the disordered phase, both the transition metals are in 3+ state, with Co being in its intermediate spin-state and Mn in its high spin state [11] [12] [13] [14] . For the ordered arrangement of Co/Mn, LCMO shows a ferromagnetic transition at T c = 240 K, whereas for disordered arrangement of Co/Mn, low temperature ferromagnetic transition gets triggered at T c =150 K 15, 16 . Magnetodielectric (MD) effect has also been reported in thin films of LCMO near its Curie temperature 12 . The MD effect in LCMO is attributed to the spin-lattice coupling as shown by K. D. Truong et al. in LCMO bulk sample 13 . Lin et al. has reported MD% of 0.8% at 280 K in polycrystalline LCMO 17 . LCMO also exhibits reasonably high magnetocapacitance which opens up potential applications for spintronic devices [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The electrical and magnetic properties of double perovskites are strongly controlled by nature and oxidation state of transition metal ions. For example, substitution of Mo ion with W in case of Sr 2 FeMoO 6 changes the ground state from a ferromagnetic metal to antiferromagnetic insulator 28 . An interesting problem to study in this respect is the effect of hole doping at the La site: how do the electronic and magnetic properties of LCMO double perovskite change and how do the magnetodielectric and magnetocaloric properties are effected. We therefore study the effect of doping Sr at the La sites of LCMO, i.e, La 2−x Sr x CoMnO 6 , where x=0.0,0.5,1.0. Since anti-site disorder, defined as imperfections created by inter-changing the position of the transition metal ions in the perfectly ordered double perovskite, is inevitable, we have also investigated the probability of its occurrence with Sr doping and studied its impact on the physical properties of the system. • C and stirred continuously until a solid resin is formed. The finally obtained black fluffy powder is ground and sintered at 1050
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
• C in air for 4 hours to produce polycrystalline double perovskite manganites. For dielectric measurements, the powders has been pelletized with diameter of 10 mm and sintered at 1100
• C for 5 h. The bulk samples of La 2 CoMnO 6 , La 1.5 Sr 0.5 CoMnO 6 , and LaSrCoMnO 6 have been designated as L1 (x=0), LS1 (x=0.5), and LS2 (x=1.0), respectively.
The phase purity has been checked by high resolution X-ray powder diffraction technique (XRD, Philips Panalytical XPERT PRO) using Cu-Kα radiation (λ = 0.1542 nm) at room temperature. The Raman spectroscopy studies have been performed in backscattering geometry with 514.5 nm Ar + laser excitation using a microRaman equipment with a spectrometer (model T64000, JY, France) and a Peltier cooled CCD detector. The static magnetic measurements have been performed using a SQUID-VSM magnetometer (Quantum design, USA). The dielectric constant and magneto-dielectric response has been measured with the help of a LCR meter (HIOKI Japan, model 3532-50) employing a cryogen free closed cycle helium refrigeration variable temperature cryostat fitted in a superconducting magnet system with a maximum magnetic field of 8 Tesla (Cryogenics Ltd. U.K., 8TCFMVTI).
All the theoretical calculations presented here have been done using density functional theory (DFT) within the framework of generalized gradient approximation(GGA) 29 . For our DFT calculations, we have considered a combination of two different methods, namely a plane-wave based pseudo-potential method as implemented in the Vienna ab-initio simulation package (VASP) 30, 31 and full potential linear augmented plane wave (FPLAPW) as implemented in WIEN2k code 32 . The plane-wave-based VASP method was used for structural minimization, while the electronic structures in the energy-minimized crystal structures were calculated using both FPLAPW and psedopotential method. The accuracy of the electronic structure calculations within the scheme of the two methods have been checked with respect to each other. In the plane wave based pseudopotential calculations, reciprocal space integration was carried out with a k mesh of 8×8×4. We have used projector augmented wave (PAW) potentials and the wave functions were expanded in the plane-wave basis with a kinetic-energy cutoff of 450 eV. The ionic positions have been relaxed using a conjugate-gradient algorithm, until the Helmann-Feynman forces become less than 0.005 eV/Å. The spin-orbit coupling was taken into account self-consistently. To include the strong correlation effects in the 3d electrons of Co and Mn, we used the spinpolarized GGA plus Hubbard U (GGA + U) 33 method, as in the Dudarevs implementation 33 , with U-J = 3 eV. In the full potential linear augmented plane wave, the muffin-tin radii are chosen to be 2.20, 2.00, 1.85, 1.96, and 1.45 a.u. for La, Sr, Co, Mn and O atoms, respectively. We have taken L max =12 for spherical harmonic expansion of the wave function inside the sphere and G max =14 for the charge Fourier expansion. We have set the basis set parameter R mt K max =7.00 for the plane wave expansion where the R max is smallest muffin-tin radius and largest K vector is K max . The energy convergence criteria for self-consistence calculations are set to 10 −5 eV. In the calculations spin-orbit coupling was included in scalar relativistic form as a perturbation to the original Hamiltonian. Hubbard on-site d − d coulomb interaction U (nominal value of U-J= 3 eV.) was also included at Co and Mn site.
III. RESULTS AND DISCUSSION
A. Structural analysis 1. X-Ray diffraction study Figure 1 shows high resolution XRD patterns of samples at room temperature. The Rietveld analysis of HRXRD patterns indicates that the parent compound L1 crystallizes in pure monoclinic structure with the space group of P2 1 /n; LS1 and LS2 samples exhibit mixed rhombohedral (with the space group of R3c) and monoclinic (space group P2 1 /n) crystal structures. In R3c Co and Mn ions are randomly distributed in octahedral sites having wyckoff position 6b whereas in monoclinic phase the ions are occupied distinguished octahedral sites having wyckoff position of 2d and 2c. The volume fraction ratio of rhombohedral to monoclinic phases are found to be 0.34:0.66 and 0.82:0.18 for LS1 and LS2 samples, respectively. It is observed from Rietveld analysis that the volume of the cell enhances with substitution of Sr at La site due to the larger ionic radius of Sr 2+ (1.32Å) than La 3+ (1.17Å). In case of hole doped samples having rhombohedral structure the Mn/Co-O bond length lies around 1.96Å and Mn-O-Co bond angle is greater than 165
•34 . The higher value of bond angle of L1 than LS2 leads to more favourable ferromagnetic alignment 35 . Distortion may arise in the perovskite mainly for two reasons: (1) ionic radius mismatch at A site (rare earth site) and (2) the Jahn-Teller distortion due to MnO 6 and CoO 6 octahedra. For larger ionic size mismatch, local Jahn-Teller distortion is enhanced leading to the tilting of transition metal ion octahedra 36, 37 . Theoretically, the tolerance factors is defined by geometrical index Goldschmidt tolerance factor,
(1) where r A , r A , and r B , r B are the average ionic radius of A site and B site ions, respectively and r o is the ionic radius of O 2− . The tolerance factor t is unity for cubic structure and less than unity for monoclinic structure. The tolerance factor varies from 0.85 to 0.89 from undoped to Sr doped sample. Consequently, the Mn-O and Co-O bond length are elongated with increasing Sr content. The Co-O-Mn bond angle decreases with increasing doping concentration. It may be inferred that the change in bond angle induces a distortion by the substitution of Sr in the crystal lattice of La 2 CoMnO 6 .
Raman spectroscopy
Raman spectroscopy provides important information about the local structure of different microphases and macrophases present in any system. We have performed unpolarized Raman spectroscopy study with 514.5 nm Ar + laser excitation at room temperature. The peaks are analysed by fitting the Raman spectrum with Lorentzian functions. The unpolarised Raman spectroscopy of undoped and Sr doped samples at room temperature are shown in Fig. 2 . The ideal double perovskite A 2 BB O 6 consisting of B/B ordering is comprised of face-centered cubic symmetry with space group of F m3m. In Raman spectra the wave number and relative intensity of the peaks for LCMO is intimately related to the degree of distortion from the ideal cubic crystal structure. With substitution of Sr 2+ having larger ionic radius at La 3+ results in rotations or tilting of BO 6 and B O 6 octahedra. As a result the A and B site cations shift or B site ordering changes by disturbing the crystal symmetry, such that Raman active modes appear at the Brillouin zone centre 38, 39 . According to the theoretical analysis Raman modes are forbidden in simple cubic perovskite having space group of P m3m because of the appearance of atoms at the centre of symmetry. Two clear peaks in Raman spectra are observed at 485 and 642 cm −1 for La 2 CoMnO 6 as shown in Fig. 2 (a) . This experimental results can be compared with the theoretical prediction of Raman shift with monoclinic structure observed by Ilive et al. 40 . In case of ordered monoclinic (P2 1 /n) structure 24 (12A g +12B g ) Raman modes are allowed according to the lattice dynamical calculations. The low frequency antistretching and bending modes near 490 cm −1 corresponds to B g symmetry and the high-frequency stretching mode near 642 cm −1 corresponds to the A g symmetry. According to group theory analysis for an ideal rhombohedral structure with R3c space group the Γ-point phonons (4A 1g +9E g ) are Raman allowed where the eigenvectors of A 1g , doubly degenerate E g modes involve oxygen motions. As shown in the inset of Fig. 2 (b) Ra- man modes near 240 cm −1 corresponds to rhombohedral structure with A 1g symmetry for LS1 sample. The Raman spectra is dominated by two broad peaks at around 490 and 640 cm −1 which can be compared with the Raman shifts corresponding to the monoclinic structure in LS2 sample as shown in the 
B. Structural optimization using first principles DFT
In order to theoretically study the effect of Sr doping at La site of La 2 CoMnO 6 (LCMO), we have performed a comparative study of LCMO and LSCMO. La 2 CoMnO 6 (LCMO) is known to crystallize in the P2 1 /n space group. The unit cell contains two formula units, such that there are 4 La, 2 Co, 2 Mn and 12 O atoms per unit cell. Starting from the experimentally obtained crystal structure we have optimized the lattice parameters and atomic positions of the LCMO to obtain the ground state crystal structure. Figure 3 shows ordered arrangement of pure LCMO. Here every CoO 6 octahedra shares its corners with six MnO 6 octahedra. Any other type of arrangement of Co and Mn will result in antisite disorder. For example, in a unit cell of LCMO, anti-site disorder can arise in two different ways, namely, when the center of all the octahedra in a given ab-plane is occupied by the same species, i.e, Co or Mn and when the centres of all the octahedra belonging to a given acplane is occupied by the same species. We will therefore have alternating layers of CoO 6 and MnO 6 in the [001] and [010] direction, respectively. We find that the difference between the ordered structure and the energetically most favoured disordered structure is 0.22 eV/f.u. We next try to see the effect of Sr doping on the crystal, electronic and magnetic structure of LCMO. With increased doping of Sr at La sites of La 2 CoMnO 6 , a rhombohedral phase having a space group or R3c becomes more and more dominant. With La:Sr = 1:1, we experimentally find that the volume ratio of P2 1 /n and R3c structures is 0.66 : 0.34. Therefore, we have investigated both the phases of LaSrCoMnO 6 . Since Sr 2+ having a ionic radius of 1.32Å is doped in place of La 3+ which has a ionic radius of 1.17Å, it is expected that the crystal, electronic and magnetic structure will be altered. In the monoclinic phase, which is the dominant phase for 50% Sr doping at La sites, Sr can be doped in three different ways, namely alternating layers of A-site in the ab-plane consisting of Sr and La respectively, alternating layers of A-site in the ac-plane consisting of Sr and La respectively and each Sr ion has La ions as first nearest neighbour and vice-versa. For each of these three atomic arrangement of Sr, the Co and Mn ions can take up either the ordered configuration, where each CoO 6 octahedra shares its corners with six MnO 6 octahedra and vice-versa and two disordered configurations where there are alternating layers of Co and Mn along the [001] and [010] direction, respectively as already explained earlier. In the monoclinic phase, which is dominant, the MnO 6 and CoO 6 octahedra are no longer regular. The octahedra around Mn and Co ions are both distorted and tilted. We have calculated the total energy for all these configurations. We find that the ordered structure always posesses lowest energy, i.e, it is the most stable configuration even in the presence of Sr doping. However, the difference between the lowest energy ordered structure and the lowest energy disordered structure is found to decrease significantly with Sr-doping, the difference being 0.11 eV/f.u.
We have also seen the effect of Sr-doping on the rhombohedral phase. Each unit cell of rhombohedral LCMO contains 3 formula units and 6 La atoms, 3 Co atoms, 3 Mn atoms and 18 O atoms. The energy difference between LCMO in monoclinic phase and LCMO in rhombohedral phase is seen to decrease by about 40% with Sr doping. Hence, total energy calculations suggest that with Sr doping, the appearance of rhombohedral phase becomes favorable, thus corroborating our experiments. In the rhombohedral structure, Co and Mn both occupy a single crystallographically in-equivalent site, with wykoff position 6b. Therefore out of the 6 crytallographycally equivalent site, 3 are Co and 3 are Mn. These Co and Mn atoms can therefore be arranged in 20 different ways. By analysis of these 20 structures, we find that symmetrically there are just three in-equivalent configurations. We perform total energy calculations of these three configurations and find that the energy difference between the lowest energy structure and the energy of the structure that is closest to this equilibrium structure is 0.29 eV/f.u.. We next dope 50% Sr at the La sites and see its effect on the said difference. Similar to the monoclinic case, we see that this difference (0.18 eV/f.u.) decreases. Therefore, we can conclude from total energy calculations that with Sr doping at La sites, disorder becomes favourable as compared to when there was no Sr doping.
C. Electronic Structure
Using first principles DFT we find that pristine LCMO is a ferromagnetic insulator. The Co and Mn ions are in their high spin 2+ and 4+ valence state and total moment of the unit cell comes out to be 6 µ B /f.u.. Experimentally the magnetic moment of LCMO is 5.78 µ B /f.u. at 5 K and 50 kOe 11 which is close to our calculated moment. Spin-polarized partial density of states (PDOS) of ordered LSCMO is shown in the Fig. 4 . There is a very strong hybridization between O-p and Co/Mn-d states and the d − p hybridized bands extend from an energy range about -8 eV below the Fermi level (E F ) to about 4 eV above E F . For ordered LSCMO there are two inequivalent Co and Mn ions. For both the Mn ions, the up-spin channel of the t 2g band is completely occupied whereas the down-spin channel of the t 2g is completely empty with the e g level lying above E F . This suggests that the Mn ions are in high spin 4+ charge state. The calculated magnetic moment of 2.9 µ B also suggests the same. In case of Co ions, the majority spin channel of both t 2g and e g is completely filled, whereas the minority spin channel of the t 2g band is partially filled. The magnetic moment at Co is calculated to be 2.8 µ B . This suggests that Co is in high spin 2+ charge state. The hole (which appears because of Sr 2+ doping at La 3+ site) is seen to be accommodated by the Co and O atoms. The moment of the Co ion increases by 0.3 µ B and the average moment on the O-ions increases by 0.1 µ B with hole doping. The saturation magnetic moment is found to be 7.0 µ B /f.u. in confirmation with previous results 11 . The partial DOS for disordered LSCMO is shown in Fig. 5 . Similar analysis of the Mn ions shows that Mn is in high spin 4+ charge state with a magnetic moment of 2.96 µ B . Co ions are found to be in mixed valence state with the calculated magnetic moment of Co1 ion being 1.97 µ B and Co2 ion being 2.87 µ B . A study of the PDOS of Co2 suggests that it is in a high-spin 2+ charge state. In order to analyze the spin and charge state of Co1 ion we plot the partial DOS (Fig. 6 ) of the Co1 ion projected onto its individual d-orbitals. The PDOS character and the moment of the Co1 ion suggests that it is in an intermediate spin state (t magnetic moment of the cell 6 µ B /f.u. It is to be noted, that because of very strong co-valency between O-p and Co/Mn-d, the calculated magnetic moments at the transition metals sites do not comply very well with what calculated using a ionic model. For example, in ordered LSCMO we found that because of very strong co-valency, the hole is shared by Co and O ions. Similarly, in the case of disordered LSCMO, as we replace 50% of La
3+
by Sr 2+ , it is expected that two of the Co 2+ ions will convert to Co 3+ to maintain charge balance. However, we find one of the Co converts to 3+ and the other stays back in 2+ charge state. Analysis of the crystal structure shows that one of the Co2-O bonds along the z axis is much smaller than the other (Fig. 7(b) ). As a result the co-valency is very strong along this shortened bond making the hole being shared to a great extent by the O ion of this bond as can be seen from the charge density plot given in Fig. 7(a) . We find that the magnetic moment on this O-atom is higher than the rest by 0.3 µ B . In order to unravel the microscopic origin of the spin state of Co1, we perform further analysis of the crystal structure of disordered LSCMO. We find that the average bond length along the x-y plane is shorter by 0.05Å in the case of Co1 as compared to Co2. This makes the d x 2 − y 2 level rise higher up in energy as compared to the d z 2 level, thus giving rise to an intermediate spin state. The schematic energy level diagram is shown in Fig. 7(c) .
D. Dc magnetisation study
In order to understand the magnetic properties of the samples temperature dependent dc magnetization measurements have been performed. The magnetization as a function of temperature under the applied magnetic field of 100 Oe is shown in the Fig.8 (a), (b) , and (c) for L1, LS1, and LS2 samples, respectively. The transition temperature T C (paramagnetic → ferromagnetic phase transition) of each sample is determined from the point of inflection in the differential curve of magnetization (dM/dT) as shown in the inset. It is clear from the Fig. 8 that all the magnetization curves show two phase transitions except L1 sample. The high and low temperature magnetic transition are denoted as T C1 and In order to understand the magnetic behaviour and relaxation process of the parent and doped compounds we have performed the first harmonic in-phase ac susceptibility measurement under an applied magnetic field of 3 Oe. The temperature dependent in-phase component of ac susceptibility (χ R 1 ) at several frequencies is shown in the Fig. 9 (a), (b) , and (c) for L1, LS1, and LS2 samples, respectively. The parent compound shows frequency dispersion below Curie temperature (200 K) whereas the doped LS1 sample shows frequency dispersion near Curie temperature. For all samples, the susceptibility peaks shift towards higher temperature and are reduced in magnitude with increase in frequency suggesting the glassy nature of the systems. In case of LS2 sample the glassy transition is observed near 174 K. As shown in the inset of Fig. 9 (a), (b) , (c) for L1, LS1, LS2 samples, respectively the critical slowing down model is used to determine the critical relaxation time (τ 0 ) expressed as
where T f is frequency dependent peak of (χ R 1 ), zν is the critical exponent of correlation length and T g is spin glass transition temperature. The parameters for L1, LS1 and LS2 samples which are obtained from best fitting are shown in Table I . The values for different parameters indicate that a spin glass like signature is present in L1 sample. For LS1 sample the spin glass like ordering around FM-PM transition temperature is confirmed by the values of parameters shown in the asymmetric hopping of charge carriers under the applied electric field 43 . The presence of different number of accumulated charge carriers in different regions in the sample (may be near grain boundaries) may also cause the dielectric relaxation which is known as Maxwell-Wagner relaxation. The strong frequency dependent large variation of indicates the extrinsic polarization due to [44] [45] [46] . With increasing temperature the dielectric constant possesses a colossal value which is attributed to the extrinsic effect on polarization due to Maxwell-Wagner interfacial polarization effect. Interestingly, with increasing Sr content the temperature corresponding to the step like drop shifts to lower temperature and is found to increase.
The electrons hop between Co 2+ and Mn 4+ ions in Bsites resulting in charge transfer which introduces dipole moment yielding the relaxation in dielectric property. This hopping of electrons will produce a charge transferred state with Co 2+δ and Mn 4−δ , and it introduces a large dipole moment resulting in dielectric relaxation. The hopping of electrons between Co 2+ and Mn 4+ ions, cannot follow the applied external electric field at higher frequencies leading to relaxor-like behaviour 47 . The relaxor-like behaviour instead of relaxor dielectrics can also be evidenced from the peak mismatch of temperature dependant tan δ and as shown in the inset of Fig. 10  (c) for LS2 sample. In Sr doped LS1 sample the introduction of hole carriers enhance the hopping of electrons by the antisite disorder. With more antisite disorder introduced in the LS2 system, the probability of hopping is enhanced and it leads to the large dielectric constant. The magnetodielectric effect is defined as MD% = [ (H) -(0)/ (0)]%, where (H) and (0) are dielectric constant under applied and zero magnetic field, respectively. In order to investigate the Sr doping effect on magnetodielectric (MD) coupling we have performed MD measurements under the magnetic field of 5 T. Figure 11 (a), (b), (c) show the dielectric constant at the magnetic field of 0 and 5 T for L1, LS1, and LS2 samples, respectively at 500 kHz. The high frequency measurement at 500 kHz has been recorded to avoid the polarization due to external effect. The MD value at low and high temperature is nearly 2% for L1, whereas it increases with increase in temperature from 175 K and attain maximum value of 11% near the dielectric step and magnetic transition temperature. The [ Fig. 11(a) ] appearance of MD peak near magnetic transition temperature probably is an evidence of correlation between dielectric and magnetic ordering. Large magnetodielectric shifts are ob- served in the more disorder LS1 and LS2 samples away from the FM → PM transition temperature region. The observed maximum value of MD% [ Fig. 11(b and c) ] near the peak in temperature dependent MD curve reduces from 11% to 6% at 500 kHz for L1 to LS2 samples. The increasing magnetic field supresses the antiferromagnetic antisite disorder phases, which results in a reduction of MD effect for higher concentration of Sr doped samples.
In order to understand the possible intrinsic or extrinsic MD effect the isothermal field variation of dielectric constant measurements have been performed near the MD peak temperature. In a multiferroic the thermodynamic potential in the framework of Ginzburg-Landau theory for second order phase transition is defined as 50 .
where Φ is the thermodynamic potential; α, α , and γ are temperature dependent magnetodielectric coupling coefficients; M and P denote magnetic and electric polarization, respectively; E and H are electric and magnetic field, respectively. The difference of relative dielectric constant at zero and 5 T magnetic field is proportional to the square of the magnetic-order parameter (magnetisation) below ferromagnetic transition temperature δ ≈ γM 2 . The sign of δ depends on the sign of constant magnetodielectric interaction γ. We have measured the magnetodielectric effect at a frequency of 500 kHz as the Maxwell-Wagner contribution to the dielectric constant is suppressed at higher frequencies. In case of L1 sample (as shown in the inset of Fig. 11 (a) ) the change of magnetization square with respect to the applied magnetic field depicts almost identical variation of field dependent MD% indicating the spin mediated magnetodielectric coupling. The relative change in MD% with changing magnetic field trace the squared magnetization vs H curves below 2 T near 125 K for LS1 sample. The field dependent magnetodielectric effect at low fields (up to 4 T) follow the trends of the change of isothermal field dependent squared magnetization for LS2 sample at 110 K as shown in the lower inset of Fig. 11 (c) . The agreement between M 2 and MD% for all the three samples illustrates that the spin mediated magnetodielectric coupling term γP 2 M 2 of Ginzburg-Landau theory is significant in all the three samples.
G. Magnetocaloric effect
To observe the magnetocaloric effect (MCE) in the undoped and Sr doped samples we have chosen the samples L1 and LS2. Fig. 12 (a) and (b) show the isothermal initial M (H) plots in the vicinity of T C with temperature interval of 3 K and 5 K for L1 and LS2 samples, respectively. For L1 sample the isothermal curves of M (H) have been recorded in the temperature range of 110 to 290 K with the applied magnetic field up to 6 T. As shown in the Fig. 12 (a) and (b) it is clear that M (H) curves show rapid increase at low field as expected from sample with ferromagnetic ordering. The magnetization is observed to decrease with increase in temperature for both the samples. To determine the nature of the magnetic phase transition from ferromagnetic to paramagnetic state in L1 and LS2, the Arrott plots, i.e., H/M versus M 2 isotherms around T C deduced from M (H) isotherms have been analysed. According to Banerjee criterion the positive and negative slopes in the Arrott plots indicate second and first order magnetic phase transition, respectively. In the present investigation the observed positive slopes in the Arrott plots around T C is a clear indication of second order like magnetic phase transition for both L1 and LS2 samples as shown in the Fig. 12 (c) and (d) , respectively. Magnetocaloric effect can be determined either by isothermal entropy change ∆S m by the measurement of M (H) isotherms at different temperatures (or specific heat measurements) or the adiabatic temperature change ∆T by the application of magnetic field. Since calorimetric measurement is a long process, the measurement of magnetocaloric effect generally is carried out by the Maxwell relation and M (H) isotherms. The temperature dependent change in magnetic entropy can be evaluated from the isothermal magnetization curves at different temperatures using the integral of Maxwell relation
For the undoped and hole doped LCMO sample the change in entropy is estimated from the isothermal magnetization curves at different temperatures for the applied magnetic field of 1 to 6 T. The change in entropy can be approximated as
where M i+1 and M i are experimental values of magnetization measured with a corresponding magnetic field of H at the temperatures of T i+1 and T i , respectively. ∆S m is equivalent to the area difference between two isotherms divided by the temperature difference between the corresponding isotherms. Figure 13 shows the temperature dependent magnetic entropy change for the compounds under different applied magnetic fields using Eq. 5. The value of magnetic entropy change (∆S m ) is expected to be maximum at the magnetic phase transition temperature where the M (T) changes rapidly. In paramagnetic region magnetization changes linearly whereas below Curie temperature the magnetization rapidly increases with application of smaller magnetic field and it is a basic characteristics of a ferromagnetic material. The value of ∆S m shows maximum near transition temperature T C and it decreases above and below T C . The broad peak near T C reveals the presence of short range ferromagnetic ordering above T C . It is observed that for L1 sample ∆S m exhibits a maximum with a broadening near 210 K and reaches a maximum value of 1.17 J/kg-K for ∆H= 6T where the magnetic phase transition as well as dielectric anomaly are observed. LS2 sample exhibits two ferromagnetic phase transitions at 266 K and 187 K corresponding to order and disorder phases. Figure 13 (b) shows ∆S m as a function of temperature at different applied magnetic fields corresponding to the disorder phases whereas the inset of Fig. 13 (b) shows ∆S m of order phase at the same applied magnetic fields. The maximum entropy change is observed to be 1.2 J/kg-K near 185 K for disorder LS2 sample when the magnetic field is changed from 0 to 6 T whereas for order LS2 sample the value of ∆S m is found to be quite low (0.32 J/kg-K at 6 T). The large broadening of ∆S m profile over a wide temperature range causes an increase in refrigerant capacity (RC). To understand the efficiency of the magnetic refrigerant we have calculated the relative cooing power (RCP) which can be calculated by the relation, RCP= T2 T1 ∆S(T )dT , where T 1 and T 2 are the temperature corresponding to the full width at halfmaximum 51 . The RCP value as a function of applied magnetic field of L1 and LS2 is shown in Fig. 14 (a) and (b), respectively. The maximum value is obtained to be 42 J/kg and 112 J/kg at the magnetic field of 6 T for L1 and LS2, respectively. The estimated values of ∆S m and RCP for LS2 is in good agreement with those observed in various manganites 52 . RCP increases almost linearly with increasing field. There are different experimental evidence where the coexistence of two magnetic phases in the magnetocaloric materials having first order phase transition affect the dynamic properties like the magnetic resonance spectra 53 . But recent theoretical and experimental studies have been shown that the magnetocaloric materials which exhibit different magnetic phases with second order phase transition shows larger refrigerant capacity [54] [55] [56] . In magnetic cooling system the active magnetic refrigeration process (AMR) over a wide temperature span between hot and cold sources is required in thermodynamic cycle. For this purpose a magnetocaloric materials having sufficient MCE values over a wide temperature range will bring lot of promises 57 . So people are interested to combine different magnetocaloric materials with different T C in a single specimen to cover the wide temperature range to fulfil the need of efficient AMR 58, 59 . In this context Sr doped disorder LCMO with wide temperature range and having Curie temperature below 300 K as discussed earlier is an important element.
Vopsonet al. proposed that in magnetoelectric (ME) materials the MCE is enhanced by the ME coupling term 60 . In LCMO near transition temperature the magnetodielectric effect is observed as discussed above. 
IV. CONCLUSION
In conclusion, antisite disordered LCMO and Sr doped LCMO have been studied by using experimental techniques followed by DFT based theoretical analysis. Structural refinement shows that LCMO appears in a monoclinic phase whereas Sr-doped LCMO appears in a mixed phase having both monoclinic and rhombohedral components. This is supported by Raman spectroscopy studies. The pristine sample shows a single magnetic transition whereas with Sr-doping we obtain two transition temperatures, the second being triggered due to change in valence of Co due to Sr-doping and antisite disorder. The dielectric constant is found to get enhanced due to Sr-doping which can be attributed to assymetric charge hopping and antisite disorder induced dielectric relaxation. First principles calculations show that hole doping at La site enhances the antisite disorder. Also it is found that one of the Co 2+ ion converts to Co
3+
(intermediate spin state) and the other stays back as Co 2+ (high spin state). The extra hole introduced due to Sr doping in LCMO is found to be accommodated by the Co and O ions. The charge and spin state of Mn ions remain invariant under Sr doping. The MD value was found to decrease from 11% to 6% at 500 kHz with 50% Sr-doping in LCMO as antisite disorder weakens the MD coupling. The observed MCE effect in LCMO is likely originating from the combined effect of FM/AFM interaction and magnetodielectric effect.
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